The genetic deletion of monoamine oxidase A (MAO A), an enzyme that breaks down the monoamine neurotransmitters norepinephrine, serotonin, and dopamine, produces aggressive phenotypes across species. Therefore, a common polymorphism in the MAO A gene (MAOA, Mendelian Inheritance in Men database number 309850, referred to as high or low based on transcription in non-neuronal cells) has been investigated in a number of externalizing behavioral and clinical phenotypes. These studies provide evidence linking the low MAOA genotype and violent behavior but only through interaction with severe environmental stressors during childhood. Here, we hypothesized that in healthy adult males the gene product of MAO A in the brain, rather than the gene per se, would be associated with regulating the concentration of brain amines involved in trait aggression. Brain MAO A activity was measured in vivo in healthy nonsmoking men with positron emission tomography using a radioligand specific for MAO A (clorgyline labeled with carbon 11). Trait aggression was measured with the multidimensional personality questionnaire (MPQ). Here we report for the first time that brain MAO A correlates inversely with the MPQ trait measure of aggression (but not with other personality traits) such that the lower the MAO A activity in cortical and subcortical brain regions, the higher the self-reported aggression (in both MAOA genotype groups) contributing to more than one-third of the variability. Because trait aggression is a measure used to predict antisocial behavior, these results underscore the relevance of MAO A as a neurochemical substrate of aberrant aggression.
Introduction
Trait aggression, defined as an enduring disposition toward physical assault, occurs at different levels in the general population and is an important predictor of future violence Moffitt et al., 2002) . Therefore, understanding the neurochemical processes associated with trait aggression is vital to the control of maladaptive forms of this behavior. A potential neurochemical target is monoamine oxidase A (MAO A), an enzyme involved in metabolism of monoamines in brain and other organs (Shih and Thompson, 1999) . MAO A catalytic activity resides in the mitochondria of presynaptic terminals in monoamine projection neurons throughout the brain, having a critical role in regulating the release and degradation of dopamine, serotonin (5-hydroxytryptamine) and norepinephrine (Westlund et al., 1993; Buckholtz and Meyer-Lindenberg, 2008 ).
The clinical relevance of brain MAO A activity level (with its corresponding regulation of catecholaminergic activity) was highlighted by a recent study that documented a 34% elevation in brain MAO A activity in nonsmoking individuals with major depressive disorder . High brain MAO A levels in depressed patients provide a neurobiological framework for the demonstrated efficacy of MAO inhibitors as antidepressants (Caldecott-Hazard and Schneider, 1992) , and, because smokers have reduced brain MAO A (Fowler et al., 1996) , it may also provide an explanation for the high rate of cigarette smoking in depression (Glassman et al., 2001 ). Conversely, low brain MAO A could be associated with aggression and its disorders (i.e., antisocial personality disorder). There is indirect evidence of highly aggressive behavior in men of one carrier family with a rare genetic mutation, resulting in deletion in the gene encoding for MAO A (known as MAOA) (Brunner et al., 1993) . Subsequent studies similarly demonstrated an aggressive impulsive phenotype in MAOA knock-out mice (Cases et al., 1995; Shih, 2004) and in rat pups treated with clorgyline to inhibit MAO A and deprenyl to inhibit MAO B during gestation (Whitaker-Azmitia et al., 1994; Mejia et al., 2002) . Recent cohort studies focusing on the prevalent functional polymorphism in the MAOA gene (low/ high, ϳ40%/60% in males) in human and nonhuman primates (Sabol et al., 1998; Newman et al., 2005) showed that the low MAOA genotype was associated with antisocial behavior and high self-reported trait aggression only with childhood exposure to severe maltreatment, thus highlighting the significance of the interplay between genes and environment (Kim-Cohen et al., 2006) .
Still, important questions remain unanswered concerning the role of MAO A along intermediate phenotypes (MeyerLindenberg and Weinberger, 2006) . Using positron emission tomography (PET) with [
11 C]clorgyline, we recently found no correspondence between the low and high MAOA genotype and brain MAO A activity in healthy males (Fowler et al., 2007) and others found no relationship in a postmortem sample (Balciuniene et al., 2002) , nor were there any differences in resting brain glucose metabolism between the two genotypes (Alia-Klein et al., 2008) . Particular voids in the literature pertain to levels of brain MAO A activity and its potential influence on individual differences in behavior and personality. Here, we advance our hypothesis that, if an internalizing disorder such as depression is associated with abnormally elevated brain MAO A activity, perhaps an externalizing behavior such as aggression in its escalated and enduring form would be associated with reductions in brain MAO A activity. This hypothesis has never been tested; if such a relationship exists, it would provide a mechanism for the study of trait aggression independent of the gene ϫ environment effects of the MAOA genotype. Conceivably, the low MAO A genotype is involved in developmentally mediated susceptibility to aggression, whereas current brain MAO A activity provides a direct measurement of the enzyme activity and may therefore directly affect aggressive tendencies. In this study, we measured brain MAO A activity in manually drawn regions throughout the brain with PET and the radiotracer [ 11 C]clorgyline (average dose, 6.2-0.7 mCi; specific activity, 250 mCi/micromol), which binds to catalytically active MAO A (Fowler et al., 1996) , in 27 healthy participants that were also genotyped for MAOA polymorphism (Sabol et al., 1998) . After the scan, personality was assessed with the multidimensional personality questionnaire (MPQ) (Tellegen and Waller, 1997).
Materials and Methods
Subjects. Participants in this study were 27 of the 38 participants in the previous study of brain MAO A activity versus genotype (Fowler et al., 2007) who also volunteered to complete the MPQ. All were healthy nonsmoking males recruited from newspaper advertisement and informed in accordance with the local Institutional Review Board. Nonsmoking status was obtained by self-report and substantiated through breath carbon monoxide measurement of Ͻ6 ppm (Cunnington and Hormbrey, 2002) . Exclusion criteria were female gender, because of a 9:1 gender distribution of the phenotype , current or past psychiatric or neurological disease, drug or alcohol abuse, history of cardiovascular or endocrinological disease, and current medical illness. Participants were genotyped for MAOA upstream variable number of tandem repeats (Sabol et al., 1998) , resulting in 17 (63%) participants with the high and 10 (37%) with the low MAOA genotype. This genotype frequency distribution parallels previous studies (Sabol et al., 1998) .
Personality. The MPQ is a self-report questionnaire that allows endorsing or rejecting 240 statements about how one perceives and describes himself (e.g., "I often lose my temper"). The MPQ is based on a contemporary and empirical structural model of dimensions (clusters) of personality traits (Church and Burke, 1994) related to aggression and other enduring patterns of behavior. Previous behavioral-genetic studies have established that the personality traits measured by the MPQ are heritable and stable, reflecting consistent behavior in the general population (Tellegen et al., 1988) . Furthermore, several studies have demonstrated high reliability of the MPQ even in problem populations such as antisocial and violent men . Self-reported depression within 2 weeks of the scan was also assessed using the Beck Depression Inventory questionnaire (Beck et al., 1961) .
Image acquisition. Brain MAO A activity was measured in each subject with [ 11 C]clorgyline, which was shown to bind specifically to MAO A (Fowler et al., 1996) . A whole-body PET scanner [Siemens (Munich, Germany) HRϩ; 4.5 ϫ 4.5 ϫ 4.8 mm at center of field of view] was used in three-dimensional dynamic acquisition mode, providing 63 contiguous planes of 2.4 mm each. The scanning period was 60 min with time frames of 6 ϫ 20 s, 4 ϫ 60 s, 2 ϫ 120 s, and 10 ϫ 300 s. A transmission scan was obtained with a 68 Ge rotating rod source before the emission scan to correct for attenuation before the radiotracer injection. Arterial plasma samples were obtained over the time course of the study and were corrected for the presence of labeled metabolites (Alexoff et al., 1995) .
MAO A activity was estimated by applying a three-compartment model to the [ 11 C]clorgyline time-activity data from the brain and the arterial plasma. The K 1 is the plasma-to-brain transfer constant and is related to blood flow; k 2 is related to the transfer of tracer from brain to plasma. Finally, k 3 is an index of the amount of catalytically active MAO A (Fowler et al., 2001) , where is defined as K 1 /k 2 and is independent of blood flow. It is important to note that the analyses herein are based on regions of interest (ROIs) that were manually drawn for each subject on an image formed by summing the time frames mentioned above. Bilateral ROIs were drawn (left and right averaged) in cortical regions [temporal, occipital, precuneus , and frontal cortices, as well as the medial prefrontal cortex (PFC)]; subcortical regions were drawn on pons and bilateral caudate, putamen, amygdala, and thalamus. These regions were then projected back onto the dynamic scans to obtain time-activity curves.
Statistical analyses. The relationship between the MPQ aggression scale and brain MAO A activity, measured in k 3 units, was tested with two-tailed Pearson's correlations, Bonferroni corrected for multiple comparisons (Stevens, 1992) ( p Ͻ 0.05/10 ROIs ϭ p Ͻ 0.005) ( Table 1 ) (see Fig. 1 ). To assess specificity to aggression versus other personality scales, we similarly tested the relationship between all the MPQ scales and MAO A brain activity in the frontal cortex ( p Ͻ 0.05/13 scales ϭ p Ͻ 0.004) ( Table 2) . We chose the frontal cortex in Table 2 because of its relationship to aggression and poor inhibitory control . Note, however, that other regions produced similar results because MAO A activity in all regions was highly intercorrelated, making any emphasis on one brain region versus another difficult (Fowler et al., 1996) . Table 2 also reports the relationships between the low and high MAO A genotype and personality that were tested with two-tailed independent samples t tests (Table 2) .
To validate a MAO A and aggression relationship and to compare whole-brain differences as a function of trait aggression, we used two-tailed independent samples t tests. We compared participants (8, 15) is the Pearson's correlations values for the low (n ϭ 10) and high (n ϭ 17) MAOA genotype groups. c t (7) is the t test value of the independent samples comparison between aggressive (n ϭ 4) and nonaggressive participants (n ϭ 5) on MAO A activity in these regions. who reported trait aggression at 1 SD above the mean of the group to participants that were 1 SD below the mean (aggressive and nonaggressive, respectively) (see Fig. 2 for whole-brain analyses and Fig. 3 for ROIs). For these validation analyses, we used p Ͻ 0.05, uncorrected because of our a priori hypothesis that brain MAO A activity will correlate with trait aggression; thus, aggressive subjects should have less brain MAO A binding activity than nonaggressive subjects.
Note that the images in Figure 2 were normalized to the SPM (Wellcome Department of Cognitive Neurology, University College London, London, UK) PET template so that the individual frames could be averaged before forming the parametric image (Reimold et al., 2004) . It was necessary to average the frame data to increase the signal-to-noise ratio. In some individuals with low blood flow (and in some regions of almost all participants), estimates of the model parameter associated with MAO A were very sensitive to noise such that reliable estimates could not be obtained without averaging; here, we used discrete frame averaging that increases the signal sufficiently to overcome this problem. Thus, an averaged image for each group allowed us to study the differences between the aggressive and nonaggressive groups.
Results
The participants' aggression scores ranged from 0 to 12 (mean Ϯ SD, 5.52 Ϯ 3.44); brain MAO A activity ranged from 0.27 to 0.51 cc brain (ml plasma ) Ϫ1 (0.39 Ϯ 0.06) in thalamus, which shows the highest binding. Other regions produced similar results, and both brain and behavior measurements were comparable with others (Fowler et al., 1996; Tellegen and Waller, 1997) .
Brain MAO A correlated inversely with the MPQ trait measure of aggression such that the lower the brain MAO A activity, the higher the self-reported aggression across both genotype groups and throughout the brain (Table 1 ). Figure 1 shows simple regressions plotting MAO A activity in our bilateral ROIs in cortical regions (temporal, occipital, precuneus, and medial prefrontal cortices) and subcortical regions (caudate, putamen, amygdala, and thalamus) with the MPQ aggression scores. Comparing aggressive and nonaggressive participants, Figure 2 shows the reduced brain MAO A activity in those participants who reported relatively high trait aggres- In parentheses, we provide the range of scores for the MPQ scales; the last three are personality factors empirically constructed from combination of some of the scales. Means and SD are provided for all participants (n ϭ 27). sion compared with nonaggressive participants, a contrast that displays a visible difference in MAO A activity throughout the brain. Using ROIs, these differences were statistically significant between the groups (Fig. 3) . Importantly, the findings were unique to trait aggression. Brain MAO A did not correlate with any of the other MPQ scales ( p ϭ 0.11-0.97). Similarly, brain MAO A was not related to self-reported depression within 2 weeks of the PET scan (r ϭ Ϫ0.002; p ϭ 0.99). As can be surmised from Figure 1, A and B , the low and high MAOA genotype groups had similar correlations with trait aggression, and there were no differences in any of the MPQ scales as a function of MAOA genotype (Table 2 ).
Discussion
The MPQ aggression scale measures attitudes, values, and beliefs that are consistent with approval of the use of physical violence. Longitudinal research shows that the MPQ aggression scale empirically predicts future conviction for violent crime such as physical assault (Craig, 2007) . Here we report for the first time that the lower the MAO A activity in cortical and subcortical brain regions, the higher the self-reported aggression, contributing to more than one-third of the variability among a sample of 27 healthy men.
Because the MAO A regional activity is highly intercorrelated, we cannot make claims about the specificity in trait aggression of certain brain regions, although it appears that the correlations are stronger in cortical regions (Fig. 1) . These results are consistent with previous imaging studies of MAO A and B. Although both subtypes are highest in the thalamus, MAO A is higher in cortical regions than MAO B (Fowler et al., 2005) . It is important to remember that, Figure 2 . Brain MAO A activity in aggressive and in nonaggressive participants. On the left vertical panel marked as "A" is averaged images of participants who endorsed 10 or more aggression questions (n ϭ 4). On the right is an averaged image of participants who endorsed two or less aggression questions (n ϭ 5; marked as "N") based on 1 SD above or below the aggression mean for this sample. The images are presented in continuous axial slices throughout most of the brain from superior to inferior 4 planes for both participant groups. To increase the signal-tonoise in these images, we used discrete frame averaging of images from each subject before the formation of parametric images (Reimold et al., 2004) . The dynamic images were normalized to the SPM PET template (http://www.fil.ion. ucl.ac.uk/spm/). Average dynamic images weighted by the radiotracer dose were formed for each group. Average blood input functions were also formed from data of the participants in each group. Parametric images of model parameter k 3 were constructed using the method of Feng et al. (1996) for a twotissue compartment irreversible model. A small amount of averaging to increase the signal-to-noise was allowed for local pixels using a method described previously (Logan et al., 2002) . The average number of pixels grouped was on the order of 4.
to avoid the confounding effects of cigarette smoking on reducing brain MAO A activity (Fowler et al., 1996) , this sample comprised nonsmoking participants. Indeed, the potential multifactorial relationship between prenatal smoking exposure and the neurochemistry underlying externalizing behaviors [e.g., impulsivity and aggression (Maughan et al., 2004)] remains to be studied. In considering the clinical implications of our findings, it is important to note that, because MAO A enzymatic activity is responsible for the regulation of central serotonergic activity in terms of availability and subsequent extrasynaptic degradation (for a recent review, see Buckholtz and Meyer-Lindenberg, 2008) , it would seemingly follow that having low MAO A activity will result in high serotonin levels. Indeed, MAO A knock-out mice have high circulating serotonin (Cases et al., 1995) ; however, when serotonin metabolites are examined in aggressive humans (Moffitt et al., 1998) as well as aggressive rhesus monkeys (Howell et al., 2007) , they are found to be low. This difference is possibly attributable to compensatory mechanisms that primates may have developed to maintain control of high serotonin levels that could be neurotoxic (Baumgarten and Lachenmayer, 2004) . Future studies should test the interaction of serotonin and MAO A in the human brain in vivo to understand their functional role in trait aggression.
Behavioral-genetic longitudinal studies have established that the low MAOA genotype predicts high trait aggression (notably using the MPQ) in men who were severely maltreated at childhood . In addition, the low MAOA genotype in healthy adults from the general population has been associated with morphological and functional changes in the amygdala (a brain region involved in expression of emotions), medial PFC (a region involved with emotional control), and in other regions that could underlie vulnerability for the expression of aggression ). Yet we found that neither trait aggression nor brain MAO A activity differed as a function of the MAOA genotype in the current sample, suggesting that these gene-behavior and gene-brain relationships may be developmentally mediated (Fowler et al., 2007) . It is hypothesized that, at sensitive stages during early development, changes in MAO A balance triggered by a severe environmental assault could disrupt monoamine-mediated brain development leading toward the expression of an aggressive phenotype. Indeed, psychosocial stress during early development is thought to play a significant role in modulating prefrontal and subcortical MAO A activity and susceptibility for aggression and impulsivity (Nelson and Trainor, 2007) . Because in the current study we did not assess environmental factors such as childhood stress, we cannot rule out the potential interactive contribution of the MAOA genotype to trait aggression. Clearly, the degree of exposure to stress would be an important variable to measure in future imaging studies.
Considering the multifactor architecture of human aggression (Buckholtz and Meyer-Lindenberg, 2008) , MAO A activity in the brain provides a distinct and biological intermediate phenotype that is affected by various modifiers throughout life and is not limited by the specific polymorphism in one gene. Thus, our findings provide evidence that brain MAO A activity is a tractable target more immediate to the behavioral phenotype than the MAOA genotype stratification in healthy men. An approximate 15% reduction in brain MAO A is associated with elevated trait aggression (Figs. 2, 3) , or, put differently, brain MAO A explained Ͼ30% of the variability in trait aggression among these men. These findings underscore the involvement of MAO A enzymatic activity as a neurochemical target with clinical implications for the treatment of aberrant aggression. 
